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Executive Summary

The third U.S. Nati onal Cli mate Assessment
infrasure i s being damaged by sea | evel ri
extreme heat, and research suggests damage
(Mel il l o .etNatli.oma&ll143dgnd gl obal economies de
over 90% of global tr(ddvweO i290 B2&)aawusspeor t ed by
climate and extreme weather affect most co
United ($tPLtCe,201t3)i s i mportant that Kknowl edc
di stribution of vulnerability to climate a

transportation irneastde pteantcieom npl a&nni ng.

This work is part of the U.S. Army Corps of
WO912HB001lent imMeaduring Climate and Extr eme
Vul nerability toThingd omrenp Rretsi ¢ agtnecrees t he f i
part bBtwdy. first part, expeerxtpsosuadeked hi gh:
sensiitmdii¢yt ors as measures of ports vulner
t he sNdeday (@and 2Bd®Meearsu[ri ng Cli mate and Extr
Weat hemrerVaudi | ity t o IRefporRmwo rRte sDddiesnicen
MakeBarriers to Climate and Hxotcruesnees VWenat her
adaptiveithpathiyd componéand oifn viud mteirawli dn
on barriers to adaptation.

This project develops and pliilnoatse aamdet hodo
extreme weather vulnerabil-abhg Hbsggh Nort h At
seaports by aggregating weighted indicator
approach developed by theitUhi vdesisuppoftRID
the U.S. Army EmgamaeetrhdekeBeweal opment Cent er
Ar my <$oofr pEngi neers (USACE), integrates mul-'t
indicators. The composite tihnadti cfeisr srtesul t ed
i dentciafnideiddat e i ndi dat @ar $, o fureapeglsErpte n
evalounatoif the candanddatwe agldeddat oescn of

hi ghest imamkiangr s.

The vul ner abiildintty fii redi-d atoanr sogrerre esought
for their potenti al to represent one of th
vul nerabiliytheotunhkengadver iCrha madale Réaraenlg eon
(I PCOXYYposur e, ,asnedndsaipttiiwiet(yjc@@@c?2 0rio2 )hel p
ensure scal adbatl irtgl,i dateampsmgelters t han
creating bespoke datasets or obtaining pro
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Based on the avdhdtlaabsduroge ,f tolpien study de\
Indi c-8a0&/dil ner absdsdmemMimet hBIdA)hegy ;

generated indices of seaport relative vuln
weatdham advancet hMwaer ignoea | Tsrt aonbsnp oSrytsa em of t he
USAMEy informing efforts ancdatpd alnismittoedor i or
resources to increase the climate resilien

This report outliidreed itf hceaaydiiadoaetsed ionffdi cat or s
for desceraipirtg vul ndreabiulbisteyuent narrowing
manageabl e set, ainglhttiheg pamad ersanloifngvei ndi c e
applied to a QGfamip@& iorfi tpioaltlsy i denti fied ce
i ndi catds8rrse supported bgrsuhé22epact ddt a
withh@SAOQETrth At |l angteiocg rbaipvhiisci oonoundary. Thi
arexpeticitation papkeaddndieeppearrtesl at i on
with the componen(tiseeod,0o svwrl en,e rasndan d ii ttiyvi t vy,
adaptive) ;caipmciicdayt ors that did not have a
correlation with the comporenntvedofatvualhmner a
st abli s | eft 34 candi dtah e -1ti2ogohikciantgor s, of wl
indicators were weightfweodabBbwpatgpercts

Hi er amolkcye sB ( AHP) .

The AHP resulted in relatively |l ow | evels
adptive ,cacpoancp aryedexpodamdensoti vity.

Therefore, dedaeparetsudammagsi te indices of vul
include | nadamttiowves dRogqica i ayl di stribution o
vul nerability was measodedewi bhpbbhapeompos
ansensitovadltiymate and extreme weather resul
t he senweeacgtheeded i ndi c attohres .| BTVhAe nreet shuoldtosl oogfy

were validated by compariasanngood pobjfsescbhbli
per ceviuwwlender abi l ity to climate-and extreme W
generated ranking maimolsdd vtuH meea adfl et peortt sp
assessed subjectively by port experts show
met hodol ogi cfaoomeapproaghseapor tmavtuel ner abi | i
and extreme weat her events.

n conca unseiwonmet hodol ogy to measure relatiwv
|l i mate and extnemdveweaaehethire gUBAGE by

nforemfifngrts and plans to prioritize and al
ncreasel tmatiei ence of seaports. Results o
ere suggest thadseaevhimet hndls cahow promi se f
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di fferentiating outlier @fordlsi martoeng a s amp
vul nerability, chall emdjept peeenatgni.c aFtoorr si n st
| acked-pexgerntved correl-datani widt batbesopen
identified, suggesting that 1 mprovements i
and sharing of port data or identifying ot

assesxadiapg i vemappawatyant ed.

Resuftshos research point to setviea al nex-t

abi loi tcyompare and assess seaport climate vu
recommend é&¢ haftf duttsirf ocus on the devel opmet
compar ati vepoyrddmseagpd urve. cRratcigxyperts wei ght
adaptivehicglpaicntiymportance with respect to
vul ner abadadapgtyi,vegledaahas eekpgppeartt ed represent at
in the available dat a. Becauveyresults of

indicatespbkhatfpordata are preferred by exp
adaptive, cragpsaecartceyher s r eocpoermme(nid. et.hjat non

propriet-apggi poctadmead ber exlpls purpose wher
possible. Additionallyatresetrstheps i e¢olmwm
investigation of what types of bespoke dat
Systaemmal ysi s of port el ev@édiadsm uorrc epsr)opr i et a
mi ght be synthesized into new, additional,
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Introduction 1

At a national and regional scale, underst a
events at maritime freighh hedp-sdécisipnco
makers eval uragleatheodv iprompatmenhe greater
econpmegkc®systems in whNRGQ Hoooa)st hre sli awe |
of resilience i nherlemits twn dae rpsotran dsiymsg ecma n |
better decisions to incretaisen.resilience an
The vulnerability of seaports be climate a
measured in dsoméestontdi saybave focused on t
oexpoowmideHanseonal ;Ni20b0 | s edt hadr.s 2h0advBe)
assessed port vul npearatb i(dINNGAYe B@ hiphersi ngl e
et al;Mo20168 an@o03gétnperrs have enlisted indi
measures of -preglf aotri@ewvepaerrt, di fficulty remai
describing theetdiasi vebpoil hrect@atométi ¢y across
mul tiple por@ s man ea arnag aetxlaersed me aw y
af fiencgbast al i nfrastntedt (Bveal tiiesl d heet Ua | 201
The threasgesailnevalder i se,anhle &awy hdkeaawnpour s
| mpacts are expectedhpishewareggam naverditsitma bu
of relative vulnerability of seaports in t
cansiast planning priorities toward more r ec¢
When cdm@awulnerapili How sufficient is the i pl e
di s pearsayts_t e_ms-,Ba$e|d| c at current state of data
VulnerasbsdgstryerAt (IB\/ reporting for and
camMl) provide a (semi neasur e

R . about the seaport
basgd _On an aggpm@.lgralt @_ sector to develop
an i nds cvaalowe, whi ch i expert -supported ed to
a groumpt of epsp opposed vulnerability (_juql
per son guess!ng about indicators for a bi ity of
any one partlcula.r p o regional sample of N |
measurabl e compari son pOIts? applied
to other ports or wuse > |l evel o

1 Portions of this chapter reproduced frolDuncan Mcintosh R. Duncan,and A.Becker. 2017. 6Seaport
Climate VulnerabilitAssessment at the Multport Scale: A Review of ApproachésResilience and
Risk: Methods and Application in Environment, Cyber and Social Domaiedited by I.Linkovand J. M.

PalmaOliveirg 205-224. Springer Netherlands, Dordrecht
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1.1

vul nerabil tand o(v3)r alilnew ien vceosmpiognaetnitosns o f
and determinants of vestitaedabdi za¢ld ometviel s
for -hewgdl analysis to identify areas or sy:
| BVA f or t he tsheiasp osntvuedsye c gat ed t he suitabil
publ i cl y paevdaaitdaabrecegeeneral ly coll ected for
purposes, to serve as i ndwecaatthoerrs of cl i mat
vul nerability for 22 aeaasjtorUnsietaepdo rSttsatiens ,t he
addr es sfi mlgl ayvaiersgCiaocnn 't he current state of da
to devel-sppprepeetd vulnerability indicators

of prort s

This research contributes to a better unde
di stribution of cl i maulen earnadd iebxstsr ye2n2e Nweratthh e
Atl antic porhspoontanfonmréesinlience and cl i
weat her adaptation planning. Results wild.l
t he Marine TBEgsspor { MT Bnpankdeercsi siimont he U. S.
Ar my <$oofr pEngUicdA&Es d ot her agencieesocfabout tF

seaport wvulnerabilities to climate and ext
and determinants of those vulnerabilities,
a port is vulnerable, and the suitability
l evel I ndi catmatse odn ck eaxptorramec Ilweat her vul ne

Al t hough t hi ss pe@iofritpcod ldlsypsatndt esgpea o §

a | argarodmdl tniet. eoMkH h&hppr oach considers t
portsgstceormposedegidfe mort i nfrastructure anc
water side components (approach channel s),
connecas owsl, suasotuhding natur atloecmdi r onmen:
communities.

Report organization and research design

Thicentraeport i s organized into six chapter

Chaptperovli des background, terminology, and
research design for the develfopmaptoroef t he
vul nerability.

Chaptdeasc2ri bes the pr ocreesfsi mifng densdatf yafng s
candidate indidatar souremsopdme search for
indicators was driven by the definition of
by theergovernment al PanePIg.Cmndi cCAtienrast e Ch a
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measurabl bl eofheaentvaties that serve as proxi
system that cannot i1tself b&atlogcthl $99@r
Hi nkel. 2I0nidli)cat ors were idadeQ@ltiimatea Olyamge i e
Vulnerability Assessment (CCVA) and seaport
were sought for their potential to represer
vul nerabil ity ouwtxlpiorseud eb y, astetindsai pttHiG\Cet y
capac¢ci PgC .20Fr2)m the initial |l iterature sea
i ndicators wer e i demtuirfciee d awiatbhaisre s2 O hoopset re d
fedal agencies and one higher education i ns
48 candidate indicators were found to cont e
Atl antic Divisiono(rGENABIhcesseechpdatef i ndi cat c
were then presented Coomnmd mbeeer sf oaf Malred nle. S.
TransportatReosni |ISyesntceem | nt egr ated Action Tea
MTS RI AT was establifededat oafenacaygy bnowledge
production and governance to incorporate tfF
operati omgemdknmarMT §Thoeu zU.nSs.ky ).etUsailng 2a0 1 8
Mi nd EBmamp organi zed diagram that allows the
( Mi ndmap. c,ont h2e0 1IRFI)AT coul d visuali ze each c
hi erarchically |inked to the components of
experts helped the resear dherattoeam we It ihmil roawt
perceived correlation with the components ¢
seaportd.oufhiimtdy cators Mene maephpichegd via t
exercise with the RIAT team of experts.

Chaptdesc3dri bes the process afanavaladaet i ng ¢t
i ndi cataomas VvV sual Anaduwrgwey Swhad ree (evxApSer t s

evaluated each indicator for perceived cor
components of vulnerabiThity chaptamentpir @rs et
measur e pferexpeadthtdomr with the components
climate vulnerability for each of the 34 ¢

Chaptdesciri bes the appAnebyton blf ethechyper
Processt OoAHBY el op wetsgchotrsi nfgo rv utl hnee rtadcop | ity
i ndi cat ourast eacs viGalstuhrevely describe@& in Chapt
the @opdert respondents found stronger corr ¢
indicatoexpbdamsehesivulvndryabi |l ity component ¢
port than for adaptciavetr selgRoace ttghreci se di d no
include this | ast component.
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1.2

Chapter 5 discusses how the weighted indiceé
generate a prototype composite index of sec¢
climate and extreme weather From ttthe 22igorat
assessment, the results were validated by ¢
subjecti-vaenlixperdaf ports based on perceived
climate and extr engee nweeraattheedr .r alnhkei nAgHPmat c he d

t he-4dmopst vllleep@arts as asseserpdesudpjectivel

Chapter 6 summari zes thewbooblthlpautod from t
the devel opment of weompotedtalpased eéers and
opedat a, for seaport relatixereménerability
weatdha&m advance tMuaer ignoealTsr aonfs ptohret at i on Syst
(MTS) of the USACE by informing efforts an
all ocate I imited resoure®isl tent nxea@macsret £ he

Background
1.2.1  Vulnerability of seaports!

Thepriamy function of a port is the transfer
bet ween a water walyaldnrd tBHOeD®g pdraey s ar e

more thansystmemyofa channel smodvahlar ves, and 1
connections. Ports I|-dm&i nsntemrdc aarie narli tsiugpel
gl obal ecomadmyngamsd sttem (Figure 1). At the
U.S. groethsi ghly vulnerabt el abaatsmmge of cl
including temporary and per maenveenlt rfilsoeo,di ng
hi gh yinddstormMHasusgese;tAsalri 02080 et al. 201
Service disruptions alone can cause total

do!l [(dHdrasy e man and;LS haytdzs aZZ®@0L&Zan have second

order consequences, not only for the regio
l'ife of those whéeé &epemdalon yt bamtpardtso f or

operationchdi ssuappFiygure 1).

Portions of thisclapt er reproduced from Duncan Mclntosh, R. Duncan
Climate Vulnerability Assessmentatthe Mufior t Scal e: A ReResileweandRiskppr oaches. 6
Methods and Application in Environment, Cyber and Social Domaimeslited by 1. Linkov and J. M.

PalmaOliveira, 205224. Springer Netherlands, Dordrecht.
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Figure 1. Ports are critical to the U.S. national economies, global traded national security.
Photo: Port of CamdenGloucester, N.J(photo by Elizabeth L. Mclean, 2018).

 §

m\mu\n\\\\\\

Mclean 2018

Seaporrtessenetp spati atslcyal keed équatdte Htar g e
infrastructexgodwwrntdrbjgbted i mpacts of gl o
change and extr e meBemekaerh egil airadmanc2esl 3a |

201M@el il Il o et Salnce2®D2% of gl obdqll MOr ade i s
201,2)a disruption to port activities can in
farreachi ng comBsedkrean eBes caker 2e0th RPLCIC. 2013
2014a)

Among climate chgngeegul henakil and risk as
met hods applied to seaports, most efforts

scopexposonrley assedameon setiNialhol 261 @t al
200RBlI ein et, alli. mROdOBEi ho a single port (eit
studiKogppe;Co&x12t ;EDOZO0OMeIsdsner et al. 2013
Chhetri eSteardek 2R da&Mosr 20d4tl at . a20886) f
assessme(n§e mmiodrs eMorali.s 2a0nld0 SRops er 2016
and KI i emannNGOQWVeA 02.021051)7

The stakehol ders who depend upon the port
ports serve as profit centers for a variet

shipping agents, ener gyexcpoomptaenise s ,a nidmppoorrtte
aut horities. They facilitate the transport
mat erials, finished products, and chemical
sensicbiag eéwiitnresot her stakehol ders, such as ¢

recreationBérusemay al so be considered a c
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embedded within and held accountable for t
(Burroughs 2005)

1.2.2  Terminology
Il n @orltBiVPAd i catmerassur abl e, observable quant.
serve as proxies for an aspect of a systen
adequatel y( Gelalsup;didnk@9.7 2I0Mnd-heaedr
assessment methods are generally applied t
of a system that are described by theoreti
i mmeasurabl e, concepts such as resilience
made operyatmaommilng them to functions of ob
call ed i(nMdlIicmattocosths 201 8)
Vul ner alsi Idiedfsf naedf uncti on, omadriet chea,yr aztedrr a
of climate and extreme weather change and
exposesdmnssi andiatdtapt i ve( cRgEGEEOGuUur e 2) .
Figure 2. The three components ofulnerability.

P

= exposure ‘

o

© sensitivity ‘

=

g adaptive capacity
ExposurMéene presence of people, livelihoods,
environmental functions, services, and res
economic, social, or cultwural assets in pl
adversel yl| #CiCe@i0&d n) p eerxtpo,4 wrieglhi mat e and
extreme weather events would be one that,
in an area prone to hurricanes or with a nh
| evel change. Fogt eGamamptl epotUbosShanEe t hought
hi gkeaposwreropical storms than U.S. West C
whereas West Coasexpogtoselmav.d qiakleesr
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Figure 3.Exposureof ports relative to proximity of historicaropical storms.

Ports Within 100km of Tropical Storm Tracks 1960-2010

- - s

.—_- - - . —

P

* Ports Within 100km of Tropical Storm |
Tropical Storm Tracks

Sasi t:iTwiet ybegree to which a system is affec
benefici al tryel abtye d¢ lisR@&iud GAONL )egr B mpl por t
structure lvwiddle ms ihtiogha Itiymat e and extr eme we

events would be an old wooden pier built o
repdihi s woiuémd be more susceptible to damage
event .| Av &sle msfiwo wlid ybe a newly constructed

built ®odesdaw standards (Figure 4). Note
expogwme both structurlkest cdoduédt bei tbehisgimer
sensi,t itvhiet ywowdeihd pbermore vul nerabl e.

Figure 4. Examples of high (left) and low (right) levels of peénsitivityrelative to its
infrastructure construction materials and age.

=ard

s grmerica Mclean 2017

Adaptive:cdphpaeciabyl ity of systems, institut
organisms to adjust to potential damage, t
opportunotieese respondltfP&€Cca@n&Edqliences,
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highdapve capuilcd tlye represented by a highe
resources available to ,onvaespgoritn wietsh |a ernat
resilience plan and a staff position dedic
considered t adhgpuwea vee. Itappectiiayt i s strugagl i
make a profit with short planning horizons
| oweedaptive. capacity

Figure 5. Decisioamakers use resources to plan for resilience.

F;Q

A ”’j

We have
resources to
plan for
resilience.

Ri skA medsthe potential for consequences Ww
value iIis at stake and wlieP&€CCt 2&d Radzbbtkc ome i s
can be quantitaRiiwvk(ly) mihdse pdtaent i al | oss
pt he probabilitgpgpwelveoccbotbéncan Be specul ai
di fficult toimmAsxske ciomttelxe .cIRi sk, in the
climate change, is often defriesad)nsi2millzar |y

| PCC 2,01®wumaty seen i n otwnet heguhaet iaodrded compone
oprobabtihust ymakli mgrabcodmpgygnedu onf t he

ri sk analysis perspective, the indicators
on measupohnhgnt iied atl opesrs phalnalfipibEr b N

the CCVA pendpeatbve, are dewehepaditl otpmeas
based tomredeeomponibutr emloht kehi hood nor
probability of occurrence.

Resil:i evisdfed ned by etshdiikel@@capacity of soci a
economic and environmentalzasyotusemeviemtc ope



ERDCCR19-2 9

trend or disturbangani ziesgoinmi wgy®rthatr mali
their essentliRCCfabMebpPnrecent!|ly, Schultz
(2016) deihmedbit iay to anticipate, prepar
changing conditions andrebvbstaag] dit gsponod
di srupMboethswor king def
resiclei @ mwalowehsbse gi ns |
a hazar dowoasci mgad attdeinmpg

The focus on individual
port scale assessments

perifoodrssri ng and after hil e

: . presents a challenge
this research wil/l fur l opment
. . for how to assess the
indicators of seaport Xtreme

L . _ regional distribution  of
weatwhelrner,alhiel oby ect i .
climate and extreme

i ncr etalsienndger st andi ng o
. o .| weather vulnerabilities
di stromusef seaport cli . e me
. across multiple ports.
weat her vul ner ambe ¢ i ltoife
t heT9d ame enhanced.

Ot her terminol ogy deedfachkeplpenMi &£ study

1.2.3  Vulnerability assessments

ThePGGscribes the vulner abiflhiet yf iarnsdt rsitsekp a
for risk reduction, prevention, as well as
of extofemES..20s8l2Mi |l arly, the U.S. National
Assessment considers vulner @aspediyalalnd r i s
i mporoaaeta i n consliaggermat omn sofr asa egi es i n th
transport a(tMeolni lisleoc 20t 49

Port denake®iren including port managers and

manageforshkh diverse arragtobnbyakehpbdesshb
in privandr eaputslfic interest. In the cont ex
change and extreme risks, port managers ma
operabdofonbeir powonet pei oumbgr However, at

port (regional or -rmaakteirosn ani)l |s ¢naeleeed, tpoo Ipirciyo r
competing port adaptation needs to maxi mi z
physical and f i natnoc iaadltdmreesssewsri d @ e,ncaendf t he

marine transportation system as a whol e.

1 TheMTSconsists of waterways, ports, and intanodal landside connections that allow the various
modes of transportation to move people and guals to, from, and on the weer MARAD. 2016 Marine
Transportation System (MTPnline]. Washington, DC: Maritime Administration. Available at
https://www.marad.dot.gov/ports/marine-transportationsystemmts/. Accessed 5/25/2016..
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1.2.4  Single vs. multi-seaport assessments

Il n 2010, Héadodhdetpoasliti ve progress in the
change vulner abbilod ki ag sty ihle elt3 6

international port cities with over one mi
flooding iThedOOxase skpdywoempsiedemed day

10@Q0ear fl oods including six additional pr ed
scenari os.-edwpingcakemval ues of the number o
dol I ar value of assets, rexpaswrhers were a
However, producing momwadd¢dindudlett eEocatablubéati
This is one ofosmampyrdx ampglnes abil ity and ri

met hodatl iamieteexdp otsonrley assedameon set al
2010 choll s et lalmi t2@08)n sc¢parleesetnst ead si ngl e
case s(tkuodpipees etCoaxl .et2 QallRDOZ 0 MMelsds ner et

al . ;epmhdtri et parles e Pdlds e ssme(nNOAAdOI s

OCM 2;BE5mpi er eMoalis2@hd S.enWhielre 20i1m6g!| e
port scale CCVA inform decisions within th
Which specific adaptations areA recommended
approach that objectively compares the rel
ports in a regClhinmabel dmpaptpoAdaptati on an:
Vul nerdbtcl stgns -mort hecamluée tie. g., Which pol
region nmorsdgult mer abl e iamdnaeedenft | ydapt ati on?)
focus on individual port scale assessments
assess t hdel srtergiobbunteiloinmat e and extreme weath
vul nerabilities across multiple ports.

Whi |l easeddsment met hodsstcaakne hyoil edledr vianlsui agbhlte
t het ate of an individuadpeseiafpiod tand htelye raeg feo
not readily applicable to cokipaedti ve anal
guantitative and aglulaolw tfaotu nvaee dneet¢i@feodd s

i ndi voodu aglpeirpsepti ons of vulnerability.

At t hepamrutl tscal e, ael avlaiveat e oamandfextr eme
weat-Werner abi Idiitsitersiobburttihobnee vul nerabiliti e:
regional or national set ofieorts requires
i ndicators or met,thesPor AsPanf exmmpte | ndi
Selection and Measurement program aims to
the port industry to measure, assess, and

European pontsegbseem, taredenlve r@eameanmy
(ESPO 2010)
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Resilieneymsofareysoutinely measured at the
These efforts are challenged by difficulty
measure and the intéyoadbobi amdoWamgceeuOtld&i)nty
Concefptse®di lience and rianktdaomsbhefmapped u:
observabl eaVvdridablnas c aitmodiscad@ivese a st hat
prox(iGasl | oppHnNnnk 80,7 2i0ndbaad e assemembdods

are generally applied to assess or measur e
described by theoretical concepts.

To measeudragtuilvneer abi |l ity across multiple por
po&t cli mate and extr enoevimenaetrhaard il rceaslyiolrisenc e

are consi der esd.askelde aisrskissantecmt process cons
someti mes t(h)y ecefsitreiprsg the re@ponse to be i
selecting the@)ndggaegasingHtdhlkel n20ta) or s

Step three Ii's sometimes omitted, but it 1is
numers carlre drnegatomparative i ndex.

The Value of Seaport Climate and

Vul nerability Indicators

On a national and regiomnal aseadl ien

proposals for restoringaedcgwaystoean
require an understanding of how c

freight nodes (i .e., eadegt a&lc omaorm
ecosystems i n whNR®Q 2Z00d)st hree diedvee
inherent to a port system. For <co
indicators need to hold simiyiangs
refining a esveetl ovfulhnieghabi | i1ty i nd
and extreme weather vulnerability
data to dif foeeleattii va¢ ev plomersabi | it

better under st ood .

Themaiender of this report describes the meli
to identify, evaluate, and i mplement the v
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2.1

|dentification of Candidate Indicators of
Seaport Vulnerability to Climate and
Extreme Weather

Introduction

ThikBag@@ldescri bes the method for identifying

for seapority vieixpesalbiel asnedndsaipttiiwiet yc,apacity
Figure 6). It begins with a deaxed ption of
assessment and applti csaebcitNettydéesct hbesetpeoer
met hod used to i dentify candildatee aithudiecat o
basselamold the verification of data avail abi
|l then provides an overview Mindow experts
ma piprEge xer ci Agp € sBkiex®wt t he candidate indicat

|t stotlod abesi gealAlBart ede s shriormgh a
described in Chapter 3

narrow t he
an ormsluirveey

Figure 6. Research design with steps allocated into four chapters of this rep@hapter2
focuses on the first three steps.

Literature Review

uwSought indicators
of exposure,
sensitivity,
adaptive capacity

01108 Candidate
Indicators

211

The

somet i

descri

and

me s

bes
not es

Check data
Availability for

CENAD Ports

w48 Candidate
Indicators

Mind Map
Exercise

WCMTSRIAT
evaluated
indicators for
correlation

B4 Candidate
Indicators

Indicator -based assessments

t hree

t hree
t hat

devel

Bxpert Braluation
Survey

oExpertsrated
indicators for
correlation with
exposure,
sensitivity and
adaptive capacity

opment

Hierarchy Process

ubExperts
generated
indicator weights
via pairwise
comparisons

(1)

Aggregate
indicatorsinto
relative scores
wlJsing AHP-
derived weights

i nehiasetdoras s es s(ntinntk eplc oE&EBB)Y s
steps:
sel ectiimd)yi ¢ ote@r) s rtagggalt heg i nd(i tiankoerls .201 1)

kiedesl @opgi rag gwunlemd rsa b iolri tdy
sdi ffedieocaat or s

defini

1 This step is sometimes omitted but necessary to yieldtaeat mapor create a comparative index
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t ypseusch dedydifnidviectah astes based on gxXi)sting th
i ndudtnidiec at orbsa stefdatonardeat a of both the indi
awel | as obsenBmar raitr iy ie cdaftdotres based on
stakelsobhtdeere judgment s.

Accordingly, the approach described in this
application of a deductive argument, meani:r
vul nerability indicators is grounded in the

third assessment reportnef oheClnmatrgoCkang
(I PCC .20T0h1le) | PCC report defined climate cha
of three components: exposure, sensitivity,
expetticitation process can leacdhe dDercialuesck as
it seeksoespesus based on the value judgmer
determine perceived correlation between t he
components of vulnerability initially ident

2.1.2  Expert elicitation

Expedt cihaad ilbpencome a common approach for t|
devel opment process, dmaw eixmdnpd etsorisncdfude
vul nerabadaptyi weodAamaai tey, dalt .er2nd ha)nt s of
vul neranbdhdaptyi wmeathpanat yogBaloolkesv elt al
2005)cl i mate change vul n(ekriar ialnidt yChfuonrg Sout t
201,3)performance appraisal ind{( 8atjpgser f or n
et al in2dos@kKuesand Chean®0i0Bdi cater s for fi
manageMmMBnte and Raomdhred QtO0O&Nns. Additi onal |y

research indicates that involwvinao <t akehol
in the process of deve This investigation e
systEewtsi t e etScahlr.otz2nh0 1lelt contribut es to the
(i .e., decision suppor ongoing work of ad to
i mprovements in their developing climate bil it
salience, anm3Yeiljegenrn janta change vulnerability
Akompab et al. 2012) assessment indicators by

applying expert -
The I PCC considers ind elicitation methods to rtant
part of wvulnerability develop and evaluate a set IS anc
recommends that quant.i of indicators for each of es be
comgment ed with qualital thethreecomponents of t o
capture the full compl seaport climate e
vul nerabilityiimenist @ nd vulnerability.

(environmental, social, economicc)
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2.2

(Il PZ€Cl14ayhis investigation contributes to t
developing CCVA indiceaetocstayi appmgi hgde Xxpe
devel op a@md aewealtuaf indicators for each of
seaport climate vulnerability.

To date there have been relatively few exar
the seapb6Mtl seotbrMbGBl8)ibragdiedatasrsessments f o
ports have stopped shéktgof ahbaempdwvatioa (
exposownrle assessment [Nfi cilodd sl Jepro ratl . ¢ i2t0i08s

have focused on as gee.sgs.i,n gwhoitchhe ra icnoendc etpot sme a
port perfB&EmMA@nNZWILi2lle understanding how a po
ci& yel evation affect$s mphstexpoker setaol elvieina

(SLR), it is only one piece of the puzzle t
vul ner dblneatteo acnd extr eme weather. By asses
adaptive capacity of a port along with its
in addition to SLR, a more complete pictur e
of seaport climatetvewelrnemaleirlsittoywydmay be be

As port -ndaekceirssc bfnantaet e and e xnpracmanweat her i
make adaptat nen adaandlii ICYOWVAs ,support those
deci iIldPCL 20TIHBY processatag gewegat e
stakehol ders and practitionersneended anni ng
adaptation measures. Such asse@ogments can
scadre at t-pher tmuddal e, with each approach ha
di fferenimadecissi on

Methodology

Rather than taking a purely theoretical ap
(e.g., that wused in the development of the
[SoV[ICutter @}, atlthi 20wor k t a#teisvanstakehol de
approach to a vulnerability indicator deve
experts in the selection, evalwuation, and

According to previodsi womkapprstakkedo |l idraecr e
creabitlity of the (iBmadineadt orSta gaedr. ta@hd@d0 S8

Najam 19B8)including staktthpe¢ defrsdeai $hend
support tool-esebpecbodedal gp mend , the stakeh

1 CCVA decisions arehoices, the results of which are expected t@affect or be affected by the
interactions of the changing climate with ecological, economic, and social systems
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perceptions of the credibility, salience,

i ncr e(avgheidt e et. al . 2010)

For evaluating candidavel nedabatotrg, of hsg a
took a holistic approach to vulnerability

i mpacts that extend beyond the borders of

this research, in the i tdbhmandiidattda on and e
indicahsrdered potential multimodal vulner
| ocation as well®& asuf mpacdisng ocammomnitty an:
economy-eC®moimb ¢c systems) and ecol ogical an
surroundings (environmental systems).

The selectionofanidneivaadtutaht isebeempso che avi | |
be described in the following sections:

Step 1. Literature review to compile candidate indicators
Step 2.  Vetting for data availability
Step 3.  Mind mapping © exercise

This research fo-ocsseandnl-8bmefiobingh
(Tahhef oun@ENABYE htehe sample popul ation for
develop indicators. (EngygmeeT) ReFlrardh and

Devel opment Center has expressed an intere
and vulnerability assesgssemepardnebtyhods wit h
adding ruesdei wpnorts and restricting the sel ec
region, researchers were able to create a

1 The North Atlantic Division is one of nineSACHlivisionsand encompasses the U.S. Eastern Seaboard
from Virginia to Maine SACE 2019).

2 Dr. Julie Rosati, U.S. Army Engineer Research and Development Center, Coastal and Hydraulics
Laboratory,Personal communication February 2015.
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Table 1.Nine high-use ports (>10 million tons, dark blue) and 13 medium-use ports (1 to 10
million tons, light blue)in the North Atlantic Region, 2015.

Source:http://www.navigationdatacenter.us/wcsc/portname15.html


http://www.navigationdatacenter.us/wcsc/portname15.html
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Figure 7.The 22 mediumuse (blue dots) and highuse (magenta dots) ports in the
North Atlantic based onUSACECENAD data from 2015.
North Atlantic Medium and High Use Ports
Searsport, ME ®
Portland, ME e
ePortsmouth, NH
®Albany, NY
eBoston, MA
Providence, Rl
\Fall River, MA
Bridgeport, CT
\ eNew Haven, CT
Penn Manor, P
o .,_m——PortJefferson, NY
Philadelphia, PA \ cupsieads
Chester. PA New York, NY and NJ
Marcus Hook, PA Camden-Gloucester, NJ
l\ Paulsboro, NJ
\ \Wilmington, DE
New Castle, DE
Baltimore, MD
e Medium Use: 1M - 10M Tons Annual Throughput
e High Use: >10M Tons Annual Throughput
OHopewell VA Data: USACE Principal Ports 2015
eVirginia, VA, Port of A s
The proximity of these ports to the Univer
team to-tguomndome of the research through
intesRe ewl t s ionft etriweidedwsf ol | ow i n a subseque
Though this assessment wasr da@iidm,y etdhd or t h
framewaskdevel oped with the intent that it
modi fications) to other regions.
2.2.1  Step 1: Literature review to compile candidate indicators
Candidate indicators of seaport <climate an
were first identified from an extensive |
seaport studies researched iunghtthef olri teratu
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t heiort enti al to represent one of the three
expossuernesi,t iaandda pt i ve Th@pacitthyee components
consideredwieather mexofremes, variability, p
changed the impacts of these stressors on

associated socioeconomic and environment al

Thexpogswmeponent of vulnerability captures
proximity of a port to projected climate a
whi | esen dhietciovmptoynent captures the degree to

affected by Adoptei M anpmaadpesari dyrsot speci fic t
individual c(UBBOE Rparcapst@rabal poyt to
cope with and respond to stress by measur.i

port, duration of downtime, ©®hbdeability to
exampl es of candiadliaitpde | aapmadcpucdyets f or

throughput wvalue, budgaentdse,sigliamrcien ¢ updrged es
The 108 candidate indicat or ss parreea ddsehsecerti b e d

l inked t iih&nowghr sity of Rhode | sl and Digital
reposi taoaogegsd,0rvi sit hyyreDigilalComkosdth eaddr ess at
48 candidate indicators found to contain a
the North Atl antiacrfepot hereddédplpesds xudy

of this report

2.2.2  Step 2: Vetting for data availability

Any candidate indicators i wernteitftieadd fior t he
data avai Bebelratycriteria were necessary f
in this stuacyi clRitmgits, atmiccetdreadian ad dtezdd et

from-dpta sources. Next ,repatesxatte dn eaecd o st
t he sampl e Isfeta opfarptoirctusl.avaidlaahblsetawases anoat
| east 1lo6r tosf, 2i2t pwas | ef ewodatabtwwehe anal ysi
created or col kac,téad tfhooru gthhifsutruerse st udi es
enhance this assessmentwtaitreao usgihc t haes aadgla tadf
structures, slope and eleawdhandiowmi,dualdip/ardtu a
budg€alsl ecutcihngdast a was outside the scope of
presauomer ous questi otnos.c oHolre cetx aangpel eo,f st r uc

condacground el evation analysis, decisions
about iwmas martt of the portsi @ened theées st
port to be a system, numerous terminals an
each port. An elevation analysis would nee

each of these facilities, as wel | as whi ch


http://digitalcommons.uri.edu/maf_data/2/
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porltn.di vi duall agmesr or budgets would similar/l.
in a way that cpolrd Ttampliri abaeasinter

Once identified, candidate indicators were
availabilidantfarcmuopgens .-dAdaptongiapgenator
devel adapmenncr eases transparency, facilitate:c
enhance reliability when u(sdamgs ssd mndatarali .ze

201@MTS 201®nNly those indicators with data
16 of t&hesasmpldgy of 22 ports were retained
108 candidate i ndi atexpos wrfe ,s esaepnosritt icviitny

adaptivethbhapawetg investigated during this
each | nsdipcragloirmi nary categorization, were |
Uni versity o &URRDigmaidenmdasIdaonpdedhats@ ur c e

areApmen@idd@i tionally, a summary -and descr.i

data sources ai é\pgplenida i e e mkd iexd

These candidate indifphaheseddictader a mhat o
measure vulnerability of place at the coun
fhazaofips adme d e | of viConeéetebClLlOOHrb et al

2008utter et eapapRlOdAtOi)on insiawkftl oodpl ain

Sspeciinfdiccators that measure vulnerability
port etegeehfainer shi pFooapaciotmpr ehensi ve r ey
the data sources used, see Urbbigtal met adata sp

Commons Of the 108 candidate indi2ddators ori gi
pl alceesed ane pedcipforct) were found to have su
avail able for t.he 22 sample ports

2.2.3  Step 3: Mind mapping® exercise to refine the set of candidate

indicators
After compiling the 48 candidate indicator
suifdi ent data availability, researchers mafg

seaport climate vMindr amafpdpd fintgwairsé ng t he
FreeMi n@nMitrhce mapsach of t hedi48 toamndiwdathe i

avail abvMadsicataa chi call ytha&ppdedd etecocompomfent s
of vulnerability, and for each indicator,
description, dathi goue c&) and units (

1 Muller, J., DPolansky, PNovak, CFoltin, and D. Polivaev 2013. FreeMind 8 Free Mind Mapping and
Knowledge Building Stiware. http://freemind.sourceforge.net/wiki/index.php/Main_Page



http://digitalcommons.uri.edu/maf_data/2/
http://digitalcommons.uri.edu/maf_data/2/
http://digitalcommons.uri.edu/maf_data/2/
http://freemind.sourceforge.net/wiki/index.php/Main_Page
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Figure 8.Mind map legend presenting each indicator hierarchically mapped tocmmponent
of vulnerability. TheMind map also listed a description, data source, and units for each

indicator.
Legend Description
— -. Diata Source
. h Units
( Vulnerability m_ Component of Vulnerability  Sub Category _ Sub Sub Category

Researchers helhd 9a Nwe e kwiewmip 2r0ilrbe member s o1
t hRlI ARdf t heSUatesdCommittee on the Marine 7
SystteWBCMTS) in Was,jhtiongtl o+e k pBBITiSnsi o n

on which of the candi datVWASwdvewtors to in

instrument . For each candidate indicator,

mi nus whether an increase in that indicato
decreaséehe component of vulnerability it w
zero if no correlation could be determined
candiidnadtiecat or s with sufficient data availa

brainstormed other potosretialdidattarsownddou
sufficient data and suggested additional [
over | ¢PopkpeednH).i x

Thei nd mappengise concluded with 14 candi d:
mar ked as having no cor markraedoast bavuhger a
pesitive cor9aed altdwinng amagasBiecaucer oél athieon
Mi nd mappengise, 34 candidate indicators w
evaluated in the next VASxperwhsoechvepnsi st
(described)i diGhagptbauntgedo utpo. aOfl atrhgees e 3 4
indi catwer £,-sppeci fic phndrdewver eThigcat or s.
are |isted alphgbwititbatdége¢criptions, units,
in (TablFer2gm more comprehensive descriptio
i ndi cattdires suamnanar y ¢ URBDmitallCaniahso N i n

1 Workshop notes were submitted to USACE on 11/10/2016.

2The MTS RAT was established to focus on crogederal agency knowledge cproduction and
governance to incorporate the concepts of resilience into the operation and management of the.U.S
MTS.

3The U.S. CMTS is a federal Cabidevel, interdepartmenta committee chaired by the Secretary of
Transportation. The purpose of the CMTS is to create a partnership of federal departments and
agencies with responsibility for the MTS.


http://digitalcommons.uri.edu/maf_data/2/
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Table 2. Thirtyfour candidate indicators selected viMind mappingexercise for inclusion in

the VAS

survey,

wi th

enitscamd diata sbiirae.aPbrspeciics

candidate indicators in bold.

Indicator Description Units Data Source
Number of Days with Air U.S. Environmental
Air.Pollution.Days Quality Index value greater | Days Protection Agency (EPA)

than 100 for the port city

Air Quality Report

Average cost per incident of
total damage from the 10

U.S. Department of
Transportation(DOT)

Average.Cost.of. Hazmat.Incidents | most costly Hazardous $ Pipeline and Hazardous
Materials Incidents in the Materials Safety
port city since 2007 Administration
Average cost of property : .
damage from storm events Ef\rgg;\a:‘g(i:sanlc and
Average.Cost.of.Storm.Events in the port county since $ PSPheTit
1950 with property damage Administration NOAA)
Ith property 9 Storm Events Database
> $1 Million
. A (over 76
The controlling depth of the
Channel.Depth principal or deepest channe| feet [ft]) to Q | World Port Index (Pub
(065ft)in5 |150)
at chart datum i
t Increments
callsx Dead | Marine Administration
Containership.Capacity Container Vessel Capacity | Weight Total | (MARAD): Vessel Calls at
(DWT) U.S. Ports by Vessel Type

Disaster.Housing.Assistance

The total disaster housing
assistance of Presidential
Disaster Declarations for the
port county since 1953

Declarations

FederalEmergency
Management Agency
(FEMA): Disaster
Declarations

Entrance.Restrictions Presence or a_bs_ence of Tide, Swell, | World Port Index (Pub
entrance restrictions Ice, Other 150)
EnvironmentalSensitivity
Environmental.Index Isrz-:ies)i(ti(\/%tiltése?r? Be”hg;‘i" for ESI Rank NOAA Office_of Responsg
' (1.00 -10.83) | and Restoration

the most sensitive shoreline
within the port

MARAD: Vessel Calls at

Gas.Carrier.Capacity Gas Carrier Capacity calls x DWT U.S. Ports by Vessel Type
Large,
. . Medium, World Port Index (Pub
Harbor.Size Harbor Size Small, Very | 150)
Small

Hundred.Year.High.Water

1% annual exceedance
probability high water level
which corresponds to the
level that would be
exceeded one time per
century, for the nearest

NOAAide station to the port

meters above
mean higher
high water
(MHHW)

NOAA Tides and Currents
Extreme Water Levels

description
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Indicator

Description

Units

Data Source

Hundred.Year.Low.Water

1% annual exceedance
probability low water level
for the nearest NOAA tide
station to the port, which

meters below
mean lower

NOAA Extreme Water

low level Levels
corresponds tothe level that (MLLW)
would be exceeded one time
per century
County Marine i
Marine.Transportation.GDP Transportation Gross $ I’\\lﬂgﬁﬁ Sggtr?tfor Coastal
Domestic Product (GDP) 9
Number of Marine '
Marine.Transportation.Jobs Transportation Jobs in the %Li)n;ber of I\N/Igr?:\ Sr]:g::t for Coastal
port county J 9
Number of Critical Habitat : _—
Number.of.Critical.Habitat.Areas | Areas within 50 miles of the| Areas gésr\'/ilésmnd Wildlife
port
Number of cyclones that
Number.of.Cvclones have passed within 100 Number of NOAA Historical Hurrican
OLLY! nautical miles(nm) of the cyclones Tracks Tool
port since 1842
Number of Presidential s
Number.of.Disasters Disaster Declarations fortie | Disaster Type Eixgéﬁésnzster
port county since 1953
Number of Threatened or . -
Number.of.Endangered.Species | Endangered Species found | Species gésr\'/i';::h & Wildlife
in port county
Number of Hazardous Number of U.S. DOT Pipeline and
Number.of.Hazmat.Incidents Materials Incidents in port Incidents Hazardous Materials
city since 2007 Safety Administration
Number of storm events in
Number.of.Storm.Events port county w/ property events NOAA Storm Events
Database
damage > $1M
Overhead.Limits Presence or _abs_,ence of Y/N World Port Index (Pub
overhead limitations 150)
Percent of bridges in the
Percent.of.Bridges.Deficient port county that are % US. DOT FHA National
structurally deficient or Bridge Inventory
functionally obsolete
Thegreatest depth at chart
respecive wharfper f | A @1 761
. ) X to Q (00 5 ft) | World Port Index (Pub
Pier.Depth there is more than one :
. in 5foot 150)
wharf/pier, then the one .
increments

which has greatest usable
depth is shown.
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Indicator

Description

Units

Data Source

Population.Change

Rate of population change
(from 2000-2010) in the
port county, expressed as a
percent change

NOAA Office for Coastal
Management

Population.Inside.Floodplain

Percent of the port county
population living inside the
FEMA Floodplain

NOAACoastal County
Snapshots

Projected.Change.in.Days.Above.E
seline.Extremely.Hot. Temperature

The percent change from
observed baseline of the
average number of days per
year above baseline
OExtremely Hob
temperature projected for
the end-of-century,
downscaled to 12 km
resolution for the port
location

%

U.S. DOT Coupled Model
Inter-comparison Project
(CMIP) Climate Data
Processing Tool

Projected.Change.in.Number.of.EX
emely.Heavy.Precipitation.Events

The percent change from
observed baseline of the
average number of
OExtremely Heawy
Precipitation Events
projected for the endof-
century, downscaled to 12
km resolution for the port
location

U.S. DOT CMIP Climate
Data Processing Tool

Sea.Level. Trend

Local Mean Sea Level Trenc

millimeters
per year
(mm/yr)

NOAA Tides and Currents
Sea Level Trends

Shelter.Afforded

The shelter afforded from
wind, sea, and swell, refers
to the area where normal
port operations are
conducted, usually the
wharf area.

Excellent (5),
Good (4), Fair
(3), Poor (2),
None (1)

World Port Index (Pub
150)

SoVl.Social.Vulnerability.Score

Port County Social
Vulnerability (SoVI) Score

score number

SoVI® Social Vulnerability
Index

MARAD: Vessel Calls at

10k (DWT)

Tanker.Capacity Tanker Capacity calls x DWT U.S. Ports by Vessel Type
Tide.Range Mean tide range at the port | feet \{\é%r)ld Port Index (Pub
USACE Navigation Data
Tonnage Total Throughput Tons Center (ports)
Vessel.Capacity Vessel Capacity (vessels > calls x DWT MARAD: Vessel Calls at

U.S. Ports by Vessel Type
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2.3 Conclusion

At otal of 108 candidate indicators were id:
revijoefw t,h § et polaassceed aneg p2dhHhparctsuf fi ci ent
data for the 22 studi Mdnpdgombppemdgi were use
with the RIOAT sswgnanm.nf or mati on on these 48 I
pl easfpmedTkifF ouwyr candi date indicators wer
mar ked as having corremanked d havinreg abi |
positive cofcanaditda@atne iamdi cators mar ked as
carel aThda esulcainndg dat e firmdniMd datdoma ppi ng
exerwerse selected to be evaluated via the ¢
survey: 14 of-speeskti werpevdpoatowrassedhd 20 we
i ndi cAtoomsmprehensiviendiicdt @fs aulrsy dwWa8Bi | abl e
Digital Commofse e a&Alpp@e ndi.x H


https://digitalcommons.uri.edu/maf_data/2/
https://digitalcommons.uri.edu/maf_data/2/
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3.1

3.2

Expert Evaluation of Seaport Climate and
Extreme Weather Vulnerability Indicators

Introduction

To refine -besleti mdi hatgdr <

climate and extreme weat SURVEY ity
in Chapter 2, and to det — t abi
avail abdat @aptean di fferent.i hin
region in terms of relati l ner
researchera dVédBvelsoupeey i

expewvtal uati on of selecte ndi ca
seaport vulnerability to extre
weat her i mpacts for tuhsee ExPenE"a'"at_lmlsumy high
ports of CENADSACEapter Ui
overview of thistpprodc & o sensitivity and adaptive
narrowing down the indic e expe
el ici.tation

Methodology

A VASiinstamment that measamési dudleat hat eiis
believed to range across a continuum of va
directly (Apepassd il)x e VAS is wusually a horizont
millimmens| eéngth, anchored by word descri

il lTusitFagedde9respeneents the point on the
represents t hdaihre marecsBldeoindAS oscore i s det et
by measuring i n milhanndeteenrds offr otnh et hlei nlee ftto
that the respondent marks. As a continuous
di fferenti at esdc afl recsmLsdkicsslecfdbst ker by 19 8B2)

fact that a VABstaretaesiumrs ,a arnedalasd such, a w
range of statistical met hods can be applie

Figure 9. VAS slider for indicating expegperceived correlation between a candidate indicator
and each of the components of vulnerability.

Decreases as Sea Level Trend increases No Correlation Increases as Sea Level Trend increases
-100 100

Exposure

Sensitivity

Adaptive Capacity
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3.2.1  Selection of experts for Visual Analogue Scale(VAS survey

Because expert el i cdktnatwil erd greelriag heon tdame ra
statistical sample, the selection of qual.
most crucial steps in thevmrlaaddags fodr tihresu
reseabehbecq ;¢lasaloanl 29XKBEMhey et al. 2006
Okoli and Pawl €casnlkdi dad@sxperttbheoppr wer e
selected according to recommended best pra
devellmyetlecqg (ex19@&BY expaldeldi bynd Pawl ows ki
(2004 Researchers first prepared a Knowl edg
Wor ksheet (KRNWOOho/di fared (Paovll o wis &li p
categorize the experts prior to identifyin
overl ooking any i mportant class of expert.

The KRNW was then popul ated with names, be
profiesal net work of the research team and
identifying other candidate experts via a
Thi s i nuipt ioafl 1g5r4do p oa d n te aaqgntgler do & iwal aesh

brief description ofsitchebisotgudayp,hiogcuader iiendf ofron

(e.g., number of papers published, | ength
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Figure 10. Count of respondents' selflentified affiliations. Total n= 64.
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3.3

Figure 11. Candidate indicators of seaport vulnerability to climate and extreme weather,
sorted by total median experperceived magnitude of correlation with each of the three

components of vulnerability. Posspecific candidate indicators in bold.
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